Soil provides most of the essential elements required for the growth of plants. These elements are absorbed by the roots and then transported to the leaves via the xylem. Photoassimilates and other nutrients are translocated from the leaves to the maturing organs via the phloem. Non-essential elements are also transported via the same route. Therefore, an accurate understanding of the movement of these elements across the plant body is of paramount importance in plant science research. Radioisotope imaging is often utilized to understand element kinetics in the plant body. Live plant imaging is one of the recent advancements in this field. In this article, we recapitulate the developments in radioisotope imaging technology for plant science research in Japanese research groups. This collation provides useful insights into the application of radioisotope imaging technology in wide domains including plant science.
Introduction
As the plant body absorbs and accumulates various elements present in the soil and air, accurate monitoring of element kinetics is essential to understand their physiology. Accordingly, in the field of plant science, there is a significant need to investigate the physiological functions responsible for absorbing, transferring, and accumulating the essential and harmful elements present in environments of varying temperature, humidity, light intensity, and atmospheric composition.
Autoradiography methods, despite a major limitation in terms of terminating the physiological activity of the test plant, have contributed immensely to the field of plant science [1, 2] . In recent years, various imaging technologies have been developed for investigating living systems. A very popular technique is radioisotope (RI) imaging, which utilizes images of the absorption of the RIs of a target element from roots to leaves to monitor the movements and distributions within the plant body. This article presents an outline of RI imaging technology in plants with a special focus on investigating element kinetics.
RI imaging systems employed in plant science research are based either on the introduction of radiotracers or on the improvement of existing medical or preclinical RI imaging systems [3] . However, in contrast to the medical field (which focuses on the distribution of drugs and compounds in the body), the understanding of element kinetics is the main concern in plant science research. For example, in nuclear medicine, positron emission tomography (PET) and single photon emission computed tomography (SPECT) involve radiotracers designed to congregate at specific sites. This implies that the imaging apparatus must quickly identify the point where the positron-emitting nuclides ( 11 C and 18 F) aggregate. On the contrary, in vivo tracking of the movement of various elements is of interest in plant sciences, and therefore, multiple images of the corresponding radioisotopes need to be simultaneously monitored. Most of the medical or preclinical RI imaging systems acquire images using a limited variety of RIs such as single gamma-emitting radionuclides of 99m Tc, positron-emitting radionuclides of 18 F and 11 C, etc. Furthermore, the radiation signals from RIs vary between beta rays, X-rays, and gamma rays due to their energy differences. Therefore, the investigations in plant sciences require an imaging system capable of covering a wide variety of elements. This is the central focus in the development of plant RI imaging technologies.
In recent years, there has been a dramatic evolution of fundamental technologies for radiation detectors such as scintillator materials, semiconductor detectors, and electronic circuits, leading to a high degree of freedom in their design. For example, silicon photomultipliers (SiPMs), which are the advancement of photomultiplier tubes (PMTs), are widely used [4] . Compared to PMTs, SiPMs have several advantages, such as the utilization of a small operating voltage, high durability, a smaller size, lighter weight, and higher magnetic field resistance. However, SiPMs sometimes require the development of application-specific integrated circuits (ASICs), which could be a cost-prohibitive factor. The development of ASICs has recently become more straightforward, and several novel RI imaging systems with integrated SiPMs have been developed.
Depending on the task involved in target plant physiologies, a specific plant RI imaging device with a measurement principle best suited for radiation detection should be used for studying element kinetics. In other words, for plant imaging experiments, multiple highly versatile technologies are required rather than one state-of-the-art technology for a specific application.
RI Imaging Technologies for Plant Science
In Japan, research groups at The University of Tokyo, University of Tsukuba, and Takasaki Advanced Radiation Research Institute of the National Institutes for Quantum and Radiological Science and Technology (QST) have developed a variety of RI imaging technologies for plant science. In this section, we present an outline of the following imaging techniques: 1. Real-time radioisotope imaging systems (RRISs), 2. Positron imaging technology, which is called plant PET or a positron-emitting tracer imaging system (PETIS), 3. Gamma camera imaging technology, and 4. Prospective RI imaging technologies.
As each of the plant imaging techniques aims to acquire the in vivo kinetics of the target element, a contactless approach is critical. Even though medical and preclinical imaging techniques such as PET and SPECT are minimally invasive in nature, their application in plant sciences requires a stringent level of "non-invasiveness."
Beta-Rays Imaging
To visualize beta rays and soft X-rays through plant roots and leaves, real-time radioisotope imaging systems (RRISs) have been developed [5] [6] [7] . In general, it is difficult to visualize beta rays in thick samples because of strong interactions between them. However, the leaves and roots of a plant are so thin that the dynamic range of detection in an RRIS is 1000 times better than that in traditional systems [8] . An RRIS can be used to study the solute transport in a juvenile plant. Using this system, the kinetics of 14 45 Ca [11, 13, 18, 20] , 54 Mn [11] , 55 Fe [18, 21] , 65 Zn [8] , 86 Rb [8] , 109 Cd [8, 14, 22] , and 137 Cs [8, 11] have been visualized.
The visualization mechanism in an RRIS system (shown in Figure 1 ) can be summarized briefly in the following steps. (1) Radiation (beta rays and soft X-rays) is emitted from the absorbed radionuclides in leaves and roots. (2) This radiation is converted to visible light using scintillators. (3) The visible light is captured by a charge-coupled device (CCD) camera. When the fiber optic plate with a CsI scintillator (FOS) is implemented in the system, the image size is 10 cm × 20 cm with a resolution of Quantum Beam Sci. 2019, 3, 18 3 of 11 several millimeters. Recently, we employed plastic scintillators to visualize larger plants ( Figure 2 ). For example, we obtained an image size of 50 cm × 60 cm for 14 C and 32 P kinetics in plants [10, 16] .
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Furthermore, an RRIS was integrated with a fluorescent microscopy system [7, 18, 21] to observe the minute details. A resolution of 1 mm-100 μm was obtained with this set-up. The main advantage of this microscopy system is that it can acquire images of radioisotopes as well as the fluorescence from the sample (Figure 3 ). Figure 2 ). For example, we obtained an image size of 50 cm × 60 cm for 14 C and 32 P kinetics in plants [10, 16] . [16] .
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Positron Imaging
The plant PET developed at QST, which is called PETIS, utilizes the physical characteristics of positron-emitting radionuclides (which are simultaneously released by the annihilation of two 511-keV gamma rays in opposite (~180º degree) directions) to estimate the location of the chemical element of interest [24, 25] . The positron imaging technology has a very high degree of sensitivity compared to other radionuclide-based imaging techniques. Therefore, imaging of several megabecquerel of RIs distributed in the field of view is possible in a few seconds. In addition, the image of fast element kinetics, such as that of phloem flow shifting by several centimeters, can be acquired using 11 C labeled carbon dioxide in 1 min. The migration of 11 C-labeled sucrose produced by photosynthesis and the carbon dynamics of photosynthesis can also be traced. This can help to enhance the understanding of the photosynthesis process and the productivity of crops. Experimental systems using 11 C and a PETIS are expected to produce useful results in the future (Figure 4 ). The spatial resolution obtained in the positron imaging method is generally of the order of a few millimeters. This is mostly limited by the size of the scintillator that can stop high-energy gamma rays of 511 keV. In particular, the range of the positron (the distance from the release point of the positron to the annihilation point) depends on the peripheral density of the RI. When very thin herbaceous plants are the subject of the experiment, the positrons might escape outside the body. Therefore, this measurement requires extreme caution, especially while setting the plant and the experimental parameters. Unlike the molecular biology methods aimed at identifying the transport proteins of the element of interest, the migration of elements from outside to inside or the accumulation between organs or tissues is set as the imaging target in the plant RI imaging method; therefore, an effective imaging experiment can be designed even at this spatial resolution. The wide 
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In an imaging experiment with a PETIS, we utilized beta-plus RIs such as 22 Na, 52 Mn, 52 Fe, and 107 Cd, as opposed to an RI-labeled drug for PET synthesized with 11 C, 13 N, 15 O, and 18 F (having a positron emission rate of almost 100%), to elucidate the kinetics of essential elements and the elements related to environmental pollutants in plants. Cadmium is the most severe environmental pollutant in Japan. In order to control its absorption/migration by plants, we carried out investigations to image 107 Cd in rice [26] [27] [28] , oilseed rape plant [29] , fern [30] , and sedum [31] . 107 Cd has a positron emission rate as low as 0.2%. However, as the migration of cadmium is essentially very slow (about several centimeters per hour), there is enough time to trace its kinetics in the plant body. Thus, the sensitivity of the imaging device is not of great importance as far as performance is concerned. The success of an imaging experiment to trace the slow-moving elements from the synthesis of the 107 Cd tracer is primarily decided by the ability of the technology to maintain the measurement environment over several days. Examples of experimental techniques are setting a view in anticipation of the growth of the plant, devising means to keep the water surface of hydroponics containing radioactive tracer constant, and devising an efficient method to transport tracers within the plant body.
Most positron-emitting nuclides need to be manufactured using a cyclotron and purified by the researchers themselves. However, the commercially available 22 Na (half-timelife, t 1/2 = 2.6 years) and 65 Zn (t 1/2 = 244 days) emit sufficient positrons for imaging. Therefore, positron imaging can be implemented to study the dynamics of sodium or zinc in a plant body without a cyclotron. Fujimaki et al. visualized the dynamics of sodium in a reed, a salt-tolerant grass plant, using 22 Na and a PETIS. Consequently, a contrasting image was obtained in which sodium did not stay and migrated to the upper leaf in the rice plant, i.e., sodium gathered at the stem base of the reed and hardly migrated to the stem and leaf. After removing 22 Na from the hydroponic solution, the migration of 22 Na was observed in other parts of the plant. In rice, sodium in the root continued to migrate to the upper leaves, whereas it moved towards the root tip in a reed. These results suggested that the salt tolerance mechanism of reed maintained a low concentration of sodium in the ground part by returning the sodium absorbed from the root [32] . Positron imaging of zinc has been performed using 62 Zn (t 1/2 = 9.2 hours) [33] . However, it was recently reported that positron imaging can be conducted with 65 Zn (1.4%) as well, which has a low positron emission rate leading to long-term visualization of zinc dynamics [34] . Wongkaew et al. succeeded in directly visualizing the increased zinc transfer to the aboveground part of transgenic Arabidopsis with increased glutathione content using 65 Zn and a PETIS [35] .
Gamma Camera Imaging
In RI imaging experiments for plant science, all elements of interest are not necessarily beta-plus or beta-minus nuclides. In such cases, gamma camera imaging technology, where the direction of the arrival of gamma rays is estimated using a physical collimator, is a reliable method to use. As the energy of the gamma rays increases, collimation becomes difficult, leading to deterioration in the spatial resolution. Furthermore, as the collimator reduces the amount of radiation reaching the detector, the sensitivity of this technique is significantly inferior to that of positron imaging. Therefore, gamma cameras can be used in botanical research to visualize elemental dynamics in units of a few hours or days with long half-life RIs.
We have earlier mentioned our investigations aimed at the environmental pollutant cadmium. However, since the Fukushima nuclear accident, radioactive cesium has become the major pollutant of concern. Analysis of physiological functions, such as the absorption, transfer, and accumulation of radioactive cesium by food crops, and the utilization of plants with high levels of cesium for soil remediation have gained critical interest recently. Therefore, in order to acquire images of 137 Cs dynamics inside the plant body, we developed a pinhole-type gamma camera. This gamma camera uses the same mechanism as the so-called pinhole camera. Here, 622-keV gamma rays emitted from 137 Cs are narrowed by a pinhole, constructing an image of radioactive cesium ( Figure 5 ). Various types of gamma cameras that can monitor radioactive cesium in the environment have been developed; however, plant RI imaging technology requires the development of devices that are focused on the quantification of the radioactivity. In our scheme, the spatial resolution of the pinhole-type gamma camera for 137 Cs was nearly several centimeters. Imaging experiments targeting soybeans revealed distribution patterns such as a slow transition rate, as opposed to the vessel flow and accumulation, at specific sites during the growth period [36] . image of radioactive cesium ( Figure 5 ). Various types of gamma cameras that can monitor radioactive cesium in the environment have been developed; however, plant RI imaging technology requires the development of devices that are focused on the quantification of the radioactivity. In our scheme, the spatial resolution of the pinhole-type gamma camera for 137 Cs was nearly several centimeters. Imaging experiments targeting soybeans revealed distribution patterns such as a slow transition rate, as opposed to the vessel flow and accumulation, at specific sites during the growth period [36] . When a target element of RI emits low-energy gamma rays and characteristic X-rays, pinholetype gamma cameras can obtain excellent spatial resolution (in the orders of submillimeters or greater) because radiation penetration in the physical collimator is minimized. This is not realistic when the imaging target is a small animal or a human due to the huge loss in the amount of radiation signal reaching the detector from the body. However, if the target is a thin herbaceous plant, this imaging technique can be very useful. The development of such systems has already started in Japan [37, 38] , which could provide a detailed analysis of element kinetics.
Prospective Imaging Techniques
Recently, Compton cameras have garnered much attention as the next-generation non-invasive RI imaging apparatus as they overcome the limitations of the other technologies such as the limited usable nuclides in positron imaging and the low sensitivity of the gamma camera. This can allow simultaneous kinetic analysis of multiple elements in a test plant body. Several Compton cameras were developed as imaging devices for the environmental monitoring of 137 Cs after the Fukushima disaster [39] [40] [41] [42] [43] . The Compton imaging method is based on the idea of precisely measuring Compton scattering in the detector and obtaining the distribution of radioactive isotopes by estimating the direction of arrival of gamma rays ( Figure 6) . Therefore, the Compton camera is indispensable for the development of detector elements (with high spatial and energy resolution) and electronic circuits that can handle enormous amounts of When a target element of RI emits low-energy gamma rays and characteristic X-rays, pinhole-type gamma cameras can obtain excellent spatial resolution (in the orders of submillimeters or greater) because radiation penetration in the physical collimator is minimized. This is not realistic when the imaging target is a small animal or a human due to the huge loss in the amount of radiation signal reaching the detector from the body. However, if the target is a thin herbaceous plant, this imaging technique can be very useful. The development of such systems has already started in Japan [37, 38] , which could provide a detailed analysis of element kinetics.
Recently, Compton cameras have garnered much attention as the next-generation non-invasive RI imaging apparatus as they overcome the limitations of the other technologies such as the limited usable nuclides in positron imaging and the low sensitivity of the gamma camera. This can allow simultaneous kinetic analysis of multiple elements in a test plant body. Several Compton cameras were developed as imaging devices for the environmental monitoring of 137 Cs after the Fukushima disaster [39] [40] [41] [42] [43] . The Compton imaging method is based on the idea of precisely measuring Compton Quantum Beam Sci. 2019, 3, 18 7 of 11 scattering in the detector and obtaining the distribution of radioactive isotopes by estimating the direction of arrival of gamma rays ( Figure 6 ).
Tsukuba focuses on the normalization of the behavior of multiple elements within a plant. In some cases, the environmental pollutants, such as cadmium and cesium, are absorbed and transferred via mineral uptake pathways for essential elements. Therefore, the movements of pollutants normalized by those of essential elements can provide important information for comparing or understanding the behavior of pollutants under specific conditions. Recent studies indicated both similarity and specificity in the behavior of potassium and cesium in plants [44, 45] . The difference in their behavior suggests the unique nature of plant transporters towards elemental affinity, even if the elements have a high chemical similarity. These approaches could be promising as RI imaging technologies, and the development of the corresponding methodology is necessary for plant science. As mentioned earlier, a very high spatial resolution is unnecessary for plant RI imaging technology. The improvement of spatial resolution poses an inevitable challenge for researchers. However, for the detection of X-rays and gamma rays passing through a living body, dramatic The deposited energies and positions in the two consecutive events are measured as (E 1 , x 1 ) in the front detector of the scatterer and (E 2 , x 2 ) in the rear detector of the absorber, where x 1 and x 2 denote the positions. The probable location of the radiation source is estimated as a "Compton cone". Finally, the image of the distribution of the radiation source is generated [40] . Therefore, the Compton camera is indispensable for the development of detector elements (with high spatial and energy resolution) and electronic circuits that can handle enormous amounts of measurement data. Compton imaging was discovered at the same time as PET. However, as the development of ASICs, electronic circuits, and image reconstruction algorithms was a major challenge, this camera became a reality in recent years only. It is believed that Compton camera imaging technology, as well as some types of conventional SPECT imaging methods, can facilitate the simultaneous imaging of multiple elements in vivo to study the interactions of elements and substances in the plant body. Moreover, because Compton interaction primarily occurs in the energy band ranging from 100 keV to 1-2 MeV, Compton cameras can detect gamma rays with a wide energy range from a hundred and several tens keV to several MeV. This allows plant researchers to select a variety of RI elements in the RI imaging experiments. The research group at the University of Tsukuba focuses on the normalization of the behavior of multiple elements within a plant. In some cases, the environmental pollutants, such as cadmium and cesium, are absorbed and transferred via mineral uptake pathways for essential elements. Therefore, the movements of pollutants normalized by those of essential elements can provide important information for comparing or understanding the behavior of pollutants under specific conditions. Recent studies indicated both similarity and specificity in the behavior of potassium and cesium in plants [44, 45] . The difference in their behavior suggests the unique nature of plant Quantum Beam Sci. 2019, 3, 18 8 of 11 transporters towards elemental affinity, even if the elements have a high chemical similarity. These approaches could be promising as RI imaging technologies, and the development of the corresponding methodology is necessary for plant science.
As mentioned earlier, a very high spatial resolution is unnecessary for plant RI imaging technology. The improvement of spatial resolution poses an inevitable challenge for researchers. However, for the detection of X-rays and gamma rays passing through a living body, dramatic improvements in spatial resolution cannot be expected given the range of photons in the detection element. Instead, a so-called "transformation of ideas" is necessary. In imaging devices used for detecting beta-plus or beta-minus rays, an error is generated in the quantitative value due to the tissue permeability of electrons. For example, beta-minus rays originating from deeper tissue layers are weak, because they are attenuated in tissue. On the other hand, beta-plus rays originating from shallower tissue underneath the surface are penetrating to the air and have little chance to emit annihilation gamma rays, so that errors of positron imaging increase. Therefore, an imaging technique was developed recently that focused on weak Cherenkov light (Figure 7) , which is generated when beta rays pass through tissue [46, 47] . Cherenkov light is emitted closer to the RIs than beta rays because of the energy threshold of the light emission. Further, the light beam is easy to concentrate and can be enlarged/reduced using optical technology. Therefore, this technique can be considered as a promising imaging technology to realize resolution of the order of several hundred microns. improvements in spatial resolution cannot be expected given the range of photons in the detection element. Instead, a so-called "transformation of ideas" is necessary. In imaging devices used for detecting beta-plus or beta-minus rays, an error is generated in the quantitative value due to the tissue permeability of electrons. For example, beta-minus rays originating from deeper tissue layers are weak, because they are attenuated in tissue. On the other hand, beta-plus rays originating from shallower tissue underneath the surface are penetrating to the air and have little chance to emit annihilation gamma rays, so that errors of positron imaging increase. Therefore, an imaging technique was developed recently that focused on weak Cherenkov light (Figure 7) , which is generated when beta rays pass through tissue [46, 47] . Cherenkov light is emitted closer to the RIs than beta rays because of the energy threshold of the light emission. Further, the light beam is easy to concentrate and can be enlarged/reduced using optical technology. Therefore, this technique can be considered as a promising imaging technology to realize resolution of the order of several hundred microns. serial images of 137 Cs dynamics after feeding the radiotracer into the hydroponic culture obtained through a CCD camera. As the target of measurement is light, it is possible to use an optical lens instead of directly measuring the radiation from the radioactive isotope. Moreover, CCD cameras are inexpensive compared to radiation imaging apparatus.
Conclusions
RI imaging technology that targets plant science research has a wide scope of applications. This technology may be used for the advancement of applied research areas. For example, radioisotope imaging for plant science can be used for the imaging of elements, water, and gas. It is useful not only for nuclear medicine but also for material science. However, the efforts of interdisciplinary research teams are indispensable for this technological development, and we hope that more researchers will be interested in contributing to this field. We have discussed several imaging technologies in this article, which aside from RRIS and positron imaging, are at a nascent stage. We believe that the advancement of experimental techniques employed in RI imaging will further promote developmental research in the field of plant science as well as other research areas that thrive on imaging technology. of serial images of 137 Cs dynamics after feeding the radiotracer into the hydroponic culture obtained through a CCD camera. As the target of measurement is light, it is possible to use an optical lens instead of directly measuring the radiation from the radioactive isotope. Moreover, CCD cameras are inexpensive compared to radiation imaging apparatus.
RI imaging technology that targets plant science research has a wide scope of applications. This technology may be used for the advancement of applied research areas. For example, radioisotope imaging for plant science can be used for the imaging of elements, water, and gas. It is useful not only for nuclear medicine but also for material science. However, the efforts of interdisciplinary research teams are indispensable for this technological development, and we hope that more researchers will be interested in contributing to this field. We have discussed several imaging technologies in this article, which aside from RRIS and positron imaging, are at a nascent stage. We believe that the advancement of experimental techniques employed in RI imaging will further promote developmental research in the field of plant science as well as other research areas that thrive on imaging technology.
